Cardiomyocytes in vivo are continuously subjected to electrical signals that evoke contractions and instigate drastic changes in the cells' morphology and function. Studies on how electrical stimulation affects the cardiac transcriptome have remained limited to a small number of heartspecific genes. Furthermore, these studies have ignored the interplay between the electrical excitation and the subsequent contractions. We carried out a genomewide assessment of the effects of electrical signaling on gene expression, while distinguishing between the effects deriving from the electrical pulses themselves and the effects instigated by the evoked contractions. Changes in gene expression in primary cultures of neonatal ventricular cardiomyocytes from Lewis Rattus norvegicus were investigated with microarrays and RT-quantitative PCR (QPCR). A series of experiments was included in which the culture medium was supplemented with the contraction inhibitor blebbistatin to allow for electrical stimulation in the absence of contraction. Electrical stimulation was shown to directly enhance calcium handling and induce cardiomyocyte differentiation by arresting cell division and activating key cardiac transcription factors as well as additional differentiation mechanisms such as wnt signaling. Several genes involved in metabolism were also directly activated by electrical stimulation. Furthermore, our data suggest that contraction exerts negative feedback on the transcription of various genes. Together, these observations indicate that intercellular electric currents between adjacent cardiomyocytes have an important role in cardiomyocyte development. They act at least partially through a pulsespecific gene expression program that is activated independently from the evoked contractions. gene expression; heart; differentiation ELECTRICAL PULSES ARE ESSENTIAL for a normal functioning heart. They regulate the rhythm of contractions of cardiomyocytes. Together with the induced contractions, they are also crucial for maintaining the normal cellular structure and functioning of individual cardiomyocytes. Cultured adult cardiomyocytes display better contractile activity when the cells have been subjected to continuous electrical pulsing. Several studies have shown that sarcomere structure and intercellular structures such as gap junctions of cardiomyocytes are maintained when subjected to extracellular electrical stimuli, while in their absence these structures are disrupted (3, 13, 18, 20) . A similar response to electrical pulsing was observed for skeletal myocytes. For these cells it was found that the changes in sarcomeric organization were not caused by higher expression levels of various main structural proteins (9). However, expression levels of the structural proteins myosin heavy chain 7 (Myh7) and myosin light chain 2 (Myl2) were both found to be elevated by electrical stimulation in cardiomyocytes (18, 25) . The increased expression of Myl2 appeared to be mediated by voltage-gated calcium channels and calmodulin, indicating the direct involvement of calcium handling (18).
ELECTRICAL PULSES ARE ESSENTIAL for a normal functioning heart. They regulate the rhythm of contractions of cardiomyocytes. Together with the induced contractions, they are also crucial for maintaining the normal cellular structure and functioning of individual cardiomyocytes. Cultured adult cardiomyocytes display better contractile activity when the cells have been subjected to continuous electrical pulsing. Several studies have shown that sarcomere structure and intercellular structures such as gap junctions of cardiomyocytes are maintained when subjected to extracellular electrical stimuli, while in their absence these structures are disrupted (3, 13, 18, 20) . A similar response to electrical pulsing was observed for skeletal myocytes. For these cells it was found that the changes in sarcomeric organization were not caused by higher expression levels of various main structural proteins (9) . However, expression levels of the structural proteins myosin heavy chain 7 (Myh7) and myosin light chain 2 (Myl2) were both found to be elevated by electrical stimulation in cardiomyocytes (18, 25) . The increased expression of Myl2 appeared to be mediated by voltage-gated calcium channels and calmodulin, indicating the direct involvement of calcium handling (18) .
The heart-specific hormone atrial natriuretic factor (ANF), encoded by the gene natriuretic peptide precursor A (Nppa), displayed a pulse-dependent increase in expression similar to Myl2 (18) . However, ANF levels also increase when cells are passively stretched, indicating that increased ANF expression could well be the result of the increased contractions induced by electrical stimulation and not by the increased electrical signaling itself (14) . In other studies it was found that mechanical stretching itself leads to changes in morphology and differential RNA and protein synthesis. Furthermore, stretching was also found to affect intracellular calcium signaling in ways similar to electrical stimulation (8, 15, 16, 25) . A genomewide analysis of mechanically induced changes in cardiomyocyte gene expression was undertaken by Frank and coworkers (8) . They postulated that the changes in gene expression that were observed in mechanically stretched cultures but not in phenylephrine-treated cultures or untreated controls were elicited by a stretch-specific gene program. A genomewide study of the role of electrical signaling in the regulation of the cardiomyocyte transcriptome is currently lacking.
In this study we provide a genomewide analysis of the electrical pulse-induced changes in gene expression in neonatal rat ventricular cardiomyocytes, which are frequently used as a model in cardiac research. To distinguish between the responses to the pulse-induced calcium oscillations and subsequent contractions we employed the contraction inhibitor blebbistatin. We found that, independently from contraction, electrical signals directly affect the transcript levels of genes involved in a wide variety of processes including metabolism, cardiomyocyte differentiation, and calcium handling, thus showing that electrical signals by themselves play a crucial role in cardiomyocyte development and function.
MATERIALS AND METHODS
Cell culture. Hearts were obtained from 0-to 3-day-old male and female Lewis rats from the experimental animal facility of Maastricht University. The use of animals for this study was evaluated and approved by the Maastricht University animal ethical committee. Procedures were in accordance with institutional guidelines. Cardiomyocytes were isolated and cultured as described previously (17) . After preplating, cells were plated in Permanox chamber slides (LabTek) at 50,000 cells/cm 2 . When applicable, cells were electrically stimulated for 3 days starting when the differentiation medium was first applied. For contraction inhibition the "differentiation" medium was supplemented with 10 mol/l blebbistatin (Sigma-Aldrich, St. Louis, MO). For stimulation of contraction in the absence of electrical stimulation, phenylepinephrine (Sigma-Aldrich) was added to 50 mol/l.
Immunohistochemistry. Cardiomyocytes grown on Permanox chamber slides (Lab-Tek) were washed briefly twice with HBSS. Cells were fixed for 20 min in 3.7% paraformaldehyde in PBS pH 7.5 (Invitrogen). After being washed three times briefly with PBS the cells were incubated for 45 min in blocking solution [1% bovine serum albumin (BSA) in PBS]. Incubation with primary mouse monoclonal antibody to cardiac troponin I (Abcam, Cambridge, UK) was carried out in 1% BSA and 0.1% Tween 20 in PBS for 45 min. After three washes with 0.05% Tween 20 in PBS, samples were incubated for 30 min with FITC-labeled goat anti-mouse secondary antibody (Southern Biotech, Birmingham, AL) and phalloidin-Alexa 595 (Invitrogen, Paisley, UK) in PBS containing 1% BSA and 0.1% Tween 20. Samples were then washed three times with 0.05% Tween 20 in PBS and twice with PBS and mounted in 90% glycerol containing 20 mM Tris·HCl pH 8.0, 0.2% NaN3, and 2% 1,4-diazobicyclo-(2,2,2)-octane (DABCO; Merck, Darmstadt, Germany). Nuclei were counterstained with 0.5 g/ml 4=,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Images were obtained with a Leica TCS SPE confocal laser scanning microscope system with a DMI 4000B inverted microscope. Cell diameter measurements were performed with ImageJ (National Institutes of Health).
Live imaging. Films were made with a Leica DMRIBE microscope equipped with a Hamamatsu digital camera (type C4742-95). The individual images of which the films were composed were recorded at ϫ10 magnification and an exposure time of 0.1 s. The final movies displayed the cells in real time. Open Lab version 2.2.5 (Improvision, Waltham, MA) software was used. With a Thermoplate (Tokai HIT, Fujinomiya-shi, Shizuoka-ken, Japan), the mean temperature was maintained at 37°C.
RT-quantitative PCR. RNA was isolated with TRIzol reagent (Invitrogen). First-strand cDNA was made with Moloney murine leukemia virus (MMLV) reverse transcriptase (Finnzymes, Espoo, Finland) starting from 1.0 g of total RNA. Quantitative PCR (QPCR) was performed with a qPCR SYBR Green master mix (Eurogentec, Liège, Belgium) in 10-l reactions on an ABI7900 (Applied Biosystems, Foster City, CA). In all experiments, peptidylprolyl isomerase-A (Ppia) was used as the reference gene. Oligonucleotide sequences are provided in the supplemental data for this article. 1 Expression arrays. For each array, two separate samples from one series of either pulsed or nonpulsed cells were pooled. RNA quantity and quality were checked with Bioanalyzer RNA nano chips (Agilent, Santa Clara, CA). One microgram of total RNA was taken from pooled RNA samples and processed with an Affymetrix One-Cycle cDNA synthesis kit (Affymetrix, Santa Clara, CA). Samples were applied to a GeneChip Rat Expression Set 230 (Affymetrix) and processed according to the manufacturer's instructions. CEL files were transformed with the PLIER algorithm. Analyses for differentially expressed genes were performed with BRB-Array Tools version 3.7.0 (http://linus.nci.nih.gov/BRB-ArrayTools.html). In short, the array data were normalized with the housekeeping gene normalization option in BRB-Array Tools. For housekeeping genes we selected the rat orthologs of the housekeeping genes of the Affymetrix HG-U133 plus 2.0 arrays (a list of housekeeper probe sets is provided in the supplemental data). The resulting data were analyzed for differential expression of genes through class comparison of three separate series of experiments with arrays paired by experimental series (by batch of cardiomyocytes). To identify the affected biological processes, genes that were significantly differentially expressed between groups (P Ͻ 0.05) were classified with Database for Annotation, Visualization, and Integrated Discovery (DAVID) (7) . We listed the clusters with an enrichment score (Ϫlog 10P) corresponding to P Ͻ 0.05.
The microarray data discussed in this publication were deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE15856: http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc‫؍‬GSE15856 (1) .
RESULTS

Microscopic analysis of cell morphology and contractile
activity. In our cell culture procedure the cardiomyocytes first underwent partial dedifferentiation, during which sarcomeric structures diminished and cells decreased in size. We found this to be the result of the low temperature (4°C) at which the overnight incubation was performed (data not shown). In the initial recovery phase, upon plating the cells increased in size again, formed cell-cell connections, and eventually displayed the characteristic frequent spontaneous contractions. We performed a more detailed analysis of the influence of electrical stimulation on cardiomyocyte cell morphology, using immunohistochemistry and confocal microscopy ( Fig. 1 ). Cultures were fixed and stained after 3 days of culture in low-serum differentiation medium with or without electrical stimulation. In addition, we included a series of nonstimulated cells that were supplemented with epinephrine.
A difference in the overall shape of the cells was observed between electrically pulsed and nonpulsed cells. Nonpulsed cells displayed a somewhat fibroblast-like elliptical shape, while electrically pulsed cells were more "straight/rectangular" over their whole length, similar to cardiomyocytes in the native heart. Epinephrine-stimulated cells showed the typical appearance of hypertrophy, characterized by the increased width of the cells (quantified and depicted in Fig. 1J ). Striation patterns originating from stained sarcomere protein structures were visible in all samples, although epinephrine-treated cells showed a more diffuse pattern compared with electrically stimulated cells. Separate myofibrils remained clearly visible in the nonpulsed cardiomyocytes. In electrically stimulated cardiomyocytes and those treated with epinephrine the myofibrils were packed closely against each other over the whole width of the cell, with no visible spaces in between.
The contractile activity of living cardiomyocytes in pulsed and nonpulsed cultures was visualized and recorded by light microscopy. Movies displaying the contractions in real time are available as online supplemental data for this article. As shown in these movies, the cardiomyocytes that were subjected to electrical pulsing displayed more constant and frequent contraction compared with nonstimulated cells. The rapid synchronized contractions occurred more frequently than the 1 Hz at which the pacemaker was programmed. We believe that this was the result of spontaneous contraction of the cardiomyocytes themselves, because the contractile activity continued when stimulation was temporarily halted (results not shown).
Pulsing induced changes in gene expression. We evaluated the effect of extracellular electrical stimulation on the expression of gap junction protein ␣1/connexin-43 (Gja1/Cx43), myosin heavy chain 6 (Myh6), Myh7, and Nppa in cardiomyocytes at different cell densities, using RT-QPCR analysis. In these preliminary experiments we observed that some of the pulse-induced changes were diminished at higher cell densities (Ͼ100,000 cells/cm 2 ; see Fig. 2 ). Microscopic inspection of living cells at those higher cell densities revealed no difference in contractile activity, and both pulsed and nonpulsed cultures displayed contractions at frequencies higher than 1 Hz. We suspected that at higher cell densities depolarization waves originating from the spontaneous contractions overpowered the pulses supplied by the pulsing system. To detect as much pulse-related change as possible, we used a seeding cell density of 50,000 cells/cm 2 in all subsequent experiments. The frequencies at which the employed pacemakers can pulse are limited to those found in the human in vivo situation. Therefore we kept the pulsing frequency at 1 Hz, although the intrinsic rhythm of neonatal heartbeat frequency is higher than 1 Hz. In preliminary experiments we found that significant changes in cell morphology and gene expression were observed even at this frequency.
To obtain an integral overview of differentially expressed genes as a result of electrical stimulation we performed gene expression microarray analysis. Differentially expressed genes were identified by a pairwise comparative analysis using BRBArray Tools. Probe sets with P Ͻ 0.05 were considered to be significantly differentially expressed. Of the 2,474 differentially expressed probe sets, the vast majority (1,948) were upregulated (see supplemental data). Differentially expressed genes were analyzed through gene ontology to identify the biological processes, cellular compartments, and molecular functions in which the genes were enriched (Table 1) . Hallmarks among the biological processes affected by electrical pulsing were the upregulated "differentiation/morphogenesis" and "positive regulation of heart rate." Apoptosis was found to be downregulated by electrical pulsing. Furthermore, we observed the increased expression of genes encoding components of cardiomyocyte sarcomeres and ion channels. In Table 2 we provide the gene expression data for a selection of genes within these groups. For a number of genes we verified gene expression with RT-QPCR (Fig. 3) . Although the changes observed in the RT-QPCR were much stronger, the overall changes followed the same pattern.
Blebbistatin supplementation reveals stretch-independent gene expression program. The observed changes in gene expression induced by electrical stimulation were to some extent the result of increased contractile activity. To identify which of the changes in the gene expression program arose specifically by pulsing, independently from contraction, we supplemented electrically pulsed cardiomyocyte cultures with the contraction-blocking agent blebbistatin. In Table 2 the ratios of fold changes determined via microarray analysis are given as indicators of the changes in expression between matching pairs of experiments. For many genes, supplementation with blebbistatin did not lead to a significant change in expression levels, indicating that the increase observed in the pulsed (compared to nonpulsed) cultures resulted only from electrical stimulation. A few genes, including triadin (Trdn), Myh6, myosin light chain 7 (Myl7), carnitine palmitoyltransferase 1b (Cpt1b), and hydroxyacyl-coenzyme A dehydrogenase (Hadh), displayed an even further increase in expression. Through RT-QPCR, we confirmed this for Myh6 (Fig. 3) . When considering the effects of pulsing and blebbistatin supplementation of the pulsed cells, the cumulative changes in gene expression of some of the genes indicated in Table 2 differed by more than threefold compared with nonpulsed cells. Genes differentially expressed (P Ͻ 0.05) by electrical pulsing were functionally annotated through clustering based on gene ontology terms with the DAVID program. Annotated clusters are ranked alphabetically within their category. Numbers refer to the ranking of the enrichment score, 1 being the most enriched. The DAVID program does not supply cluster names; therefore we supplied our own cluster names reflecting the elements of the clusters.
To investigate the possible effect of blebbistatin addition itself on gene expression we compared the expression levels of selected genes in nonstimulated cultures with and without blebbistatin supplementation (Fig. 3) . In the absence of external stimulation, the addition of blebbistatin led to a decrease in the expression of Myh6 and Atp2a2. Although not reaching significance, the cardiac-specific genes Myl2, Nppa, and Tbx5 also displayed an overall trend in downregulation.
DISCUSSION
Using a pulsing system based on human pacemakers, we carried out a genomewide assessment of the effect of electrical stimulation on the transcriptome of cultured primary neonatal rat ventricular cardiomyocytes (17) . Immunohistochemistry and imaging of living cells in culture showed that electrical stimulation appeared to enhance (re)differentiation. This proposed increase in differentiation was confirmed by gene expression analyses. We found that electrical stimulation led to the increased expression of cardiac-specific genes such as Myh6, Gja1, and the cardiac-specific isoform of troponin T (Tnnt2). At the same time, myosin light chain 1 (Myl1) and troponin C2 (Tnnc2) were downregulated. Both these genes are known to have a more skeletal muscle-restricted expression profile. The cells thus deviated more from a common striated muscle phenotype. With regard to ion channels, we observed increased expression of cardiac-specific transcripts, among them sarcoplasmic calcium channel Atp2a2 and the cardiac ventricle L-type Ca 2ϩ channel isoform Cacna1c (11). Activation of the cardiac-specific transcription program was further demonstrated by the differential expression of several key cardiac-enriched transcription factors. Increased expression was observed for T-box 5 (Tbx5), myocardin (Myocd), and myocyte enhancing factor C (Mef2c). All are involved in cardiogenesis and regulation of the transcription of heartspecific genes in later stages of life (4, 22) . Meanwhile, expression of the twist homolog Twist1, a negative regulator of cardiac-specific gene transcription, was decreased (10). The increased differentiation was also apparent from the increased expression of some of the more ubiquitously expressed genes: increased levels of the cyclin-dependent kinases Cdkn1c and Cdkn2b, both of which augment the arrest of cell division, showed that the cells exit from a proliferative state and attain A selection of genes with differential expression as calculated with BRB-Array Tools (*P Ͻ 0.05) are listed according to the processes or structures in which they are involved. The fold changes resulting from electrical pulsing of standard cultures and from the addition of the contraction inhibitor blebbistatin to electrically pulsed cultures are shown. Complete data sets are provided in the supplemental data for this article. Fig. 3 . Electrical stimulation affects transcription independently from contraction. Graph depicts fold changes of gene expression as determined through RT-QPCR analysis on samples from cultured extracellular electrically stimulated (3 days of stimulation) and nonstimulated cardiomyocytes. Open bars, electrically stimulated compared with nonstimulated; filled bars, blebbistatinsupplemented electrically stimulated compared with normal stimulated; gray bars, blebbistatin-supplemented nonstimulated compared with normal nonstimulated. *Significant (P Ͻ 0.05) differential expression; **significant difference (P Ͻ 0.05) between the 2 series. a more differentiated state. Activation of Van Gogh-like 2 (Vangl2) and low-density lipoprotein 6 (Lrp6) indicated activation of Wnt-frizzled signaling (19, 23) .
The accelerated differentiation due to the application of externally generated electrical pulses was only observed in cardiomyocytes cultured at low densities (Յ50,000 cells/cm 2 ). It seems likely that in cardiomyocyte cultures at lower cell densities the extracellular electrical pulses functionally compensate for the lack of electrical stimuli normally obtained from the surrounding cells. Once the cultured cardiomyocytes develop further and form more intercellular connections, the cells can take over some of the pacemaker pulsing activity through their spontaneous contraction and provoke contractions in neighboring cells. This in itself also demonstrates that electrical signals transmitted by the cells themselves are important in cardiomyocyte development. Furthermore, these observations concur with the accelerated differentiation of mesenchymal stem cells to cardiomyocytes at higher cell densities, independently of extra electrical stimuli, and the improvement in cardiomyocyte function at higher cell densities (6, 24) .
At higher cell densities, the expression levels of Myh6 were still increased as a result of electrical pulsing, suggesting a similar ability in vivo. In a recent study on human heart failure patients, expression of MYH6, together with that of ATP2A2, was indeed increased in hearts receiving electrical stimulation (5) . In addition, our data showed that electrical pulsing leads to the downregulation of genes involved in apoptosis, thus providing an additional explanation for the observed beneficial effect that electrical stimulation has on the failing heart.
Contrary to previous publications, we did not observe increased expression of Nppa in electrically stimulated cardiomyocytes (18) . Besides the unchanged expression of Nppa, the expression of the hypertrophy mediators Mapk1 (ERK2), Mapk3, Map2k5 (ERK1), Map2k5 (MEK5), and v-akt murine thymoma viral oncogene homolog 1 (Akt1) also remained unchanged by electrical stimulation (2) . In addition to this we found the expression of Trdn to be increased by pulsing, while in phenylephrine-stimulated cells, a model for hypertrophy, a significant decrease has previously been observed (8) . Besides supporting the proposed absence of hypertrophy, this shows that epinephrine and electrical stimulation activate very distinct mechanisms in gene expression regulation.
To distinguish between transcriptional responses to electrical currents and stretching, the contraction inhibitor blebbistatin was employed. For genes in which expression in pulsed cells was not altered by blebbistatin supplementation, it is likely that their observed upregulation by electrical stimulation resulted from the electrical signaling and not from the subsequent contractions. Tbx5 and Mef2C, encoding two key cardiac transcription factors, were among these genes, as well as glycerol-3-phosphate acyltransferase (Gpam) and ␣-branched chain ketoacid dehydrogenase (Bckdha), both of which are involved in ␤-oxidation.
Blebbistatin supplementation of electrically stimulated cultures led to even further increase in the expression of several genes, e.g., Myh6, Trdn, Cpt1b, and Hadh, compared with normal pulsed cultures. The latter two are also involved in ␤-oxidation, and Hadh was previously described to be upregulated during increased muscle activity (21) . This suggests that pulsing, independently from contraction, affects the expression of genes involved in physiological processes.
The downregulation of Myh6 in control experiments, with blebbistatin supplementation of nonstimulated cells, suggests that the increase in Myh6 expression in the electrically stimulated cultures was not caused by a side effect of blebbistatin but by the occurrence of a negative transcription regulatory mechanism exerted by stretching. Indeed, in the data from the stretch study by Frank et al. (8) , Myh6 displayed a clear trend toward being downregulated by stretching. A likely explanation for the downregulation of Myh6 and Atp2a2 by blebbistatin in nonstimulated cultures is that overall cardiomyocyte development and function were seriously hampered when contraction was blocked in the absence of external electrical stimuli. This thereby affected the cardiomyocyte transcriptome as a whole.
The increase in expression of Atp2a2, Cacna1c, Trdn, and Hrc and the downregulation of the Ca 2ϩ oscillation antagonist type 3 inositol 1,4,5-trisphosphate receptor (Itpr3) suggest that calcium handling is activated in a way similar to that described in earlier publications (12, 13) . In conjunction with this, we found that the activation of several genes persisted in blebbistatin-supplemented cultures. This affirmed that calcium cycling continued in the absence of contractions.
In addition to the identification of pulse-specific genes, the blocking of contraction by blebbistatin also revealed that several genes are to some extent activated by stretching. One such stretch-dependent gene is Myh7, although it was not identified as such in the mechanical stretch study by Frank et al. (8) . Differences in cell density and the spontaneous contractions of cardiomyocytes are a likely cause of this. In their mechanical stretch study Frank et al. used a cell density of 175,000/cm 2 , while in our experiments cell density was typically 50,000/ cm 2 . At higher cell densities, cells can more easily excite each other electrically and induce deformation of the surrounding cells, thereby triggering the stretch-related gene expression program. Although not reaching significance, Nppa also displayed a slight trend for being downregulated by blebbistatin supplementation. This supports the findings of Kinunnen et al. (14) , who reported Nppa to be activated by stretching.
However, the use of neonatal myocytes at the low densities in this study brings with it some limitations for making comparisons to the in vivo situation of the (adult) heart. Pulseinduced changes in gene expression would have to be studied at higher cell densities (Ͼ100,000 cells/cm 2 ) to obtain more representative information on the role of electrical signaling in vivo.
Nevertheless, the processes activated by electrical stimulation in the absence of contractions are also likely candidates for being induced by pulsing in vivo. In light of our findings and the previously described activation of, for example, ATP2A2 by electrical pulsing in vivo, we believe that pulse-dependent activation of calcium handling, as observed in our study, also occurs in vivo, and with it the fundamental effects that it exerts on the cardiomyocyte transcriptome (5). Electrical signaling, by itself, is therefore also likely to provide an additional mechanism, along with contraction, through which the cardiomyocyte transcriptome reacts to alterations in heart activity.
We thus showed that aside from initiating contractions, electrical signals activate a unique and contraction-independent gene expression program. This program is important in cardiomyocyte development and function and acts through mecha-nisms that differ from those activated by mechanical stretching or epinephrine stimulation.
